Expression of aquaporin-3 in human peritoneal mesothelial cells and its up-regulation by glucose in vitro  by Lai, Kar Neng et al.
Kidney International, Vol. 62 (2002), pp. 1431–1439
Expression of aquaporin-3 in human peritoneal mesothelial
cells and its up-regulation by glucose in vitro
KAR NENG LAI, JOSEPH C.K. LEUNG, LORETTA Y.Y. CHAN, SYDNEY TANG, FU KEUNG LI,
SING LEUNG LUI, and TAK MAO CHAN
Division of Nephrology, Department of Medicine, Queen Mary Hospital, University of Hong Kong, Hong Kong, People’s
Republic of China
Expression of aquaporin-3 in human peritoneal mesothelial cells The introduction of continuous ambulatory peritoneal
and its up-regulation by glucose in vitro. dialysis (CAPD) more than two decades ago projected
Background. Aquaporin-3 (AQP3) is a member of the water the peritoneal membrane into a novel environment inchannel family that is selective for the passage of not only water,
which a non-physiological hypertonic dialysate exertedbut also glycerol and urea. Our recent study demonstrated the
an impact on its structure and function. Monolayers ofpresence of aquaporin-1 in human peritoneal mesothelial cells
(HPMC). Although transcripts encoding for AQP3 has been mesothelial cells lining the peritoneal cavity provide a
detected by reverse transcription-polymerase chain reaction large surface for potential fluid movement between peri-
(RT-PCR) in murine peritoneal mesothelium, to date there is toneal capillaries and the peritoneal cavity. Observationsno documentation of protein expression on peritoneal meso-
on peritoneal biopsy from patients on CAPD revealedthelial cells.
loss of mesothelium with time and disruption of the inter-Method. Our present study was designed to explore the gene
and protein expression of AQP3 in HPMC and its regulation stitium and these findings may be independent of perito-
under different concentrations of glucose. nitis [1]. Vascular changes described included replication
Results. AQP3 protein was detected in the human peritoneal
of the mesothelial and capillary basement membranetissue by immunohistological staining using specific, affinity-
resulting in considerable thickening of the subendothel-purified polyclonal anti-AQP3 antibodies. AQ3 transcripts and
protein expression in cultured HPMC were investigated by ial tissue and culminating eventually in occlusion of capil-
RT-PCR and immunoblotting analysis respectively. Cell per- lary lumina [2]. Loss of ultrafiltration of the peritoneal
meability to glycerol (flux) was measured using [14C]glycerol membrane is a primary cause of failure in CAPD and
incorporation. AQP3 transcript and protein were weakly ex-
likely occurs due to insult from acidity, high glucose,pressed in HPMC constitutively. The gene expression of AQP3
hypertonicity, glucose degradation products or advancedand its protein biosynthesis in HPMC were inducible following
exposure to glucose in a dose- and time-dependent manner glycation end-products [3].
(P  0.0001). Glucose at a concentration of 200 mmol induced Using computer simulations, Rippe, Stelin and Har-
glycerol flux by 4.82-fold above the control value (P  0.0001) aldsson first suggested that the peritoneal membraneand its effect was significantly inhibited by mercuric chloride
permeability is best described by a three-pore model [4].(P  0.01).
Large pores (150 A˚) allow the transport of macromole-Conclusion. Our novel observation demonstrated the AQP3
expression and biosynthesis in HPMC and in vitro studies re- cules and, together with small pores (20 to 25 A˚), the
vealed that glycerol permeability in HPMC was up-regulated transport of low-molecular-weight solutes such as glu-
by glucose. Further study is warranted to elucidate the role cose, urea, and creatinine. An “ultrasmall, water-only”of AQP3 in HPMC for maintaining the ultrafiltration of the
pore (3 to 5 A˚) is postulated as being selective for waterperitoneal membrane.
and responsible for the majority of osmotically-induced
water transport [5]. Recently identified water channels,
the aquaporins (AQPs), are suggested to have a pore
size comparable to that of the ultrasmall pores and might
provide the molecular route for water movement through
apparent ultrasmall pores in the peritoneal barrier [6, 7].Key words: AQP-3, water channel, human peritoneal mesothelial cell,
peritoneum, osmolality, CAPD, ultrasmall pores, three pore model. To date, at least ten aquaporins (AQP0 to AQP9) have
been discovered. Several of the mammalian AQPs ap-Received for publication January 4, 2002
pear to be highly selective for the passage of water,and in revised form March 5, 2002
Accepted for publication May 8, 2002 whereas others also transport glycerol and even larger
solutes. These water channels situated in the plasma 2002 by the International Society of Nephrology
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membrane play a central role in hydro-osmotic balance (Nalge Nunc International, Naperville, IL, USA). The
confluent cells were fixed with 2% paraformaldehyde inat cellular and total body levels.
Previously, only aquaporin-1 (AQP1) was found in phosphate-buffered saline (PBS) for five minutes at 4C
and washed with PBS. Human omentum was obtainedhuman peritoneal endothelial cells in both uremic and
CAPD patients [8]. We have recently confirmed the ex- with informed consent from four non-uremic patients
undergoing laparotomy (2 males and 2 females agedpression of AQP1 in peritoneal mesothelium [9]. The
expression of AQP1 in cultured human peritoneal meso- from 45 to 63 years with diagnosis of colonic cancer).
Paraffin-embedded human peritoneal tissue were sec-thelial cells (HPMC) induced by increasing the hyperos-
motic milieu supports its role for in vivo osmotic water tioned at a thickness of 4 m, and the sections were
deparaffinized with xylene and then rehydrated throughtransport across the peritoneal barrier in CAPD. DNA
fragments for other aquaporin-type water channels had a descending gradient of ethanol. AQP1 or AQP3 ex-
pression on the HPMC monolayer and on the paraffinbeen amplified from the peritoneal cDNA [10]. In this
study, we further demonstrate that aquaporin-3 (AQP3) sections was determined by immunohistochemical stain-
ing using specific antibodies for AQP1 or AQP3. Briefly,is present in cultured HPMC and in the mesothelial lining
of peritoneal tissue. the slides were incubated with 0.5% hydrogen peroxide
for removal of endogenous peroxidase activity. Non-
specific binding was blocked by incubation of the slides
METHODS
for 30 minutes with blocking buffer (5% normal goat
Antibodies and reagents serum and 3% bovine serum albumin in PBS). The sec-
tions were then incubated with anti-AQP1 or anti-AQP3Peptide-derived, affinity-purified rabbit polyclonal anti-
AQP1 and the immunizing AQP1 control peptides were antibody (0.5 g/mL) overnight. The bound rabbit anti-
AQP antibody was visualized as a brown color usingpurchased from Alpha Diagnostics International (San
Antonio, TX, USA). Affinity-purified rabbit polyclonal the Dako Envision Plus System (Dako). To ensure the
specificity of the staining, the following labeling controlsanti-AQP3 and the immunizing AQP3 control peptides
were obtained from Alomone Labs (Jerusalem, Israel). were performed: (a) the primary antibodies were substi-
tuted with pre-immune rabbit immunoglobulins; (b)These peptides are unique to specific aquaporins and
are without significant homology to any other known staining was carried out without either the primary anti-
bodies or the peroxidase-labeled polymer; and (c) theeukaryotic protein. The antibodies were affinity purified
using control peptide-Sepharose. The antibodies were primary antibodies were pre-incubated with 50 mg/mL
COOH terminated peptides of AQP1 or AQP3. Somespecific for human and rat aquaporin antigens of interest
and did not cross-react with other human or murine aqua- sections were counterstained with hematoxylin before
mounting.porin. The specificity of these anti-AQPs was confirmed
by electrophoresis and immunoblot analysis [9, 11]. The For determination of the polarized localization of
AQP1 and AQP3, human mesothelial cells were grownspecificity of anti-AQP3 staining was further confirmed
by another affinity purified rabbit anti-human AQP3 an- on snap-well culture inserts (Costar, Cambridge, MA,
USA). After confluence, the insert was washed twicetibody (kindly provided by Professor Soren Nielsen, Uni-
versity of Aarhus, Denmark). Monoclonal mouse anti- with PBS and was fixed overnight with 10% buffered
formalin before processing for paraffin embedding. Par-human mesothelial cell (clone HBME-1), vimentin (clone
V9), polyclonal anti-human factor VIII and secondary affin-embedded human peritoneal cells on culture insert
were sectioned at a thickness of 4 m and stained forantibodies for histochemical staining were obtained from
Dako (Carpinteria, CA, USA). Monoclonal anti-human AQP1 and AQP3 as described.
Double immunohistochemical staining was performedcytokeratin 18 was obtained from ICN Biochemicals,
Aurora, OH, USA). Medium, reagents and fetal bovine on paraffin sections to confirm the staining of AQP3 was
located in mesothelial cells using techniques describedserum (FCS) for tissue culture were obtained from Life
Technologies (Rockville, MD, USA). All other chemi- previously [12]. Briefly, sections were first stained for
AQP3 as described above. After the first labeling andcals were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). color development (brown color for positive AQP3 sig-
nal), sections were treated by 10 minutes of microwave
Aquaporin protein staining on cultured human heating in 0.01 mol/L sodium citrate buffer (pH 6.0) at
peritoneal mesothelial cells and human 2450 MHz and 800 W. The sections were blocked again
peritoneal membrane with blocking buffer and were incubated with mouse
anti-human mesothelial cell monoclonal antibody (mAb;Cell cultures of HPMC and an endothelial cell line
(EA.hy 926) were prepared using standard procedures clone HBME-1, 1 g/mL) for one hour. The sections
were then sequentially incubated with alkaline phospha-described previously [9]. Human peritoneal mesothelial
cells were grown to confluence in 8-well chamber slides tase-conjugated goat anti-mouse IgG and mouse alka-
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line phosphatase–anti-alkaline phosphatase (APAAP; second, 72C for 45 seconds. The final cycle was 94C for
one minute and 72C for 10 minutes. The PCR ampliconsDako) and then developed with Fast Blue BB Salt, which
gives a blue color for positive reaction. were separated by 1.5% wt/vol agarose gels, stained with
ethidium bromide and the gel image was captured and
Aquaporin-3 gene and protein expression on cultured analyzed using the Gel Doc 1000 Gel Documentation
HPMC exposed to different concentrations of glucose System and Quantity One software (Bio-Rad Labora-
tories Ltd., Hercules, CA, USA). The result of AQP3Human peritoneal mesothelial cells were grown to
confluence in 6-well tissue culture plate (Nalge Nunc mRNA yield was expressed as a ratio of AQP3 amplicon
to GAPDH amplicon. Precautions were taken to ensureInternational, Rochester, NY, USA) and exposed in qua-
druplicate to glucose at increasing concentrations (0, 50, the validity of the results as described previously [9].
100, or 200 mmol) for defined time period at 37C. To
Quantitative immunoblotting of aquaporin-3 onstudy whether AQP3 synthesis was inducible with ex-
cultured cellstended exposure to osmotic agents such as glucose, we
performed similar experiments with cells exposed in qua- To determine the AQP3 content of cultured HPMC,
Western blotting was used. Crude cell extracts were pre-druplicate to glucose (100 mmol) for defined periods (0,
6, 12, 24, 48, 72 or 192 hours) at 37C. AQP3 gene and pared from cultured HPMC. The extracts (5 g) were
electrophoresed through 15% sodium dodecyl sulfate-protein expression in the cells was determined by poly-
merase chain reaction (PCR) and Western blotting, re- polyacrylamide gel electrophoresis (SDS-PAGE) gel. For
immunoblotting, the proteins were transferred to polyvi-spectively.
nylidene difluoride (PVDF) membranes. After blocking
RNA extraction and cDNA synthesis for one hour at room temperature in blocking buffer (1%
gelatin in PBS with 0.05% Tween 20), the membrane wasTotal RNA was extracted from HMPC monolayers
using Qiagen Rneasy kit (Qiagen GmbH, Hilden, Ger- probed with anti-AQP3 (1:500) in PBS-Tween for 16
hours. The membrane was washed and incubated for twomany). All RNA samples prepared from 1  106 cells
were dissolved in 20 L DEPC-H20 and were stored at hours at room temperature with a peroxidase-labeled goat
anti-rabbit immunoglobulin and the antibody-antigen re-70C until assay. The quality of RNA was checked
by formaldehyde agarose gel electrophoresis. RNA was action was detected with enhanced chemiluminescence
(ECL; Amersham Pharmacia Biotech, Arlington, IL,quantified by absorbance at 260 nm. Five micrograms
total RNA was reverse transcribed to cDNA with Super- USA). To further confirm the specificity of the staining,
control blots were probed with anti-AQP3 pre-incubatedscript II reverse transcriptase (Life Technologies, Pais-
ley, UK) in a 20 L reaction mixture containing 160 ng with the C-terminal peptide of AQP3. We scanned im-
ages obtained from western blotting on a flatbed scanneroligo (dT)12-18, 500 mol/L of each dNTP, and 40 U
RNase inhibitor for 10 minutes at 37C, 60 minutes at and quantitated the density of the bands using Image-
Quant software (Molecular Dynamics, Sunnyvale, CA42C, and 5 minutes at 99C. cDNA was stored at20C
until further use. USA). Densitometry results were reported as the aver-
age arbitrary integrated value (units).
Aquaporin-3 gene expression by cultured HPMC
Measurement of permeability to glycerol in culturedOne  106 HPMC were grown to confluence in six-
HPMC exposed to different concentrations of glucosewell cell culture plates (Falcon, Becton-Dickinson, Cow-
with or without pre-incubation with mercuric chlorideley, UK). The cells were then exposed to glucose for
defined periods (0, 6, 12, 24, 48, 72 or 192 hours) at Human mesothelial cells were grown on snap-well cul-
ture inserts (Costar). Glucose-induced permeability of37C. Total cellular RNA was then extracted and reverse
transcribed to cDNA as described above. Specific prim- glycerol across the cell membrane was determined by
modifying a technique described by Kevil and co-work-ers for AQP3 and GAPDH (glyceraldehyde-3-phosphate-
dehydrogenase) were designed from known GeneBank ers [13]. Parallel experiments were conducted in cells
preincubated for five minutes with or without 50 mol/Lsequences (AQP3 AB001325; GAPDH J04038). The se-
quences of each primer are as follows: (a) AQP3, sense of mercuric chloride (HgCl2) before the permeability
measurement. [14C]glycerol was added to the apical (“hot”)primer 5-CCTTTGGCTTTGCTGTCACTC and anti-
sense primer 5-CGGGGGACGGGGTTGTTGTAA; chamber, and an equimolar amount of unlabeled glycerol
was added to the basolateral (“cold”) chamber. During(b) GAPDH, sense primer 5-TGAAGGTCGGAG-TC
AACGGATTTGGT and anti-sense primers 5-CATG the one-hour control period, 500 L samples were re-
moved from the abluminal chamber at 1, 15, 30, 45, andTGGGCCATGAGGTCCACCAC. Multiplex PCR was
carried out in the following profile: first cycle, 94C for 60 minutes and replaced with equivalent amounts of
warmed medium. At 1 and 60 minutes, 50 L samplesthree minutes, 55C for one minute, 72C for one minute;
second to 30th cycles, 95C for 45 seconds, 55C for 40 were taken from the apical side and replaced with equiv-
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alent amounts of warmed culture medium. Subsequently,
different concentrations of glucose were added during
the one-hour control period. Culture medium was added
to some chambers as a control. Samples were count using
liquid scintillation counter. Permeability to glycerol, that
is, the flux of [14C]glycerol across the monolayer, was
calculated by using the following formula:
Pgly  slope(cpm/min)  1 min/60 s
 A  (cpm/mL)hot
where: Pgly is the apparent glycerol permeability in cm/s;
slope is the y intercept at time 0 min, and was obtained
by plotting cumulative total counts (cum tot) against
time and performing linear regression to obtain an x
coefficient; hot is hot or apical chamber ([14C]glycerol
added), where cum tot  [(cpm  bkg/sample volume) ·
(total volume) 	 bak add]; cpm is counts/min, bkg is Fig. 1. (A ) Cell extract of human mesothelial cells (HPMC), omentum
tissue and EA.hy.926 were separated by SDS-PAGE and stained withbackground cpm (of a blank sample); bak add is 

Coomassie blue R250. (B ) Results of immunoblotting using same batch(cpm  bkg) at tp (where tp is the cpm obtained at the of proteins after SDS-PAGE. Two major bands of 33 and 26 kD were
previous time); A is membrane area (1.13 cm2); (cpm/ detected using antibodies from (i) Alomone Lab and (ii) Prof. Nielsen’s
laboratory corresponding to the glycosylated and unglycosylated AQP3.mL) hot is [(hot cpm bkg) initial 	 (hot cpm bkg)final]/2.
Statistical analysis
All data (from 4 experiments) were expressed as earlier. AQP3 protein was detected in peritoneal lining
means  standard deviation (SD). Inter-group differ- only contrasting to AQP1 which was detected in erythro-
ences for continuous variables were assessed by an un- cytes, mesothelial cells and endothelial cells of venules
paired t test. The AQP3 mRNA or AQP3 expressed on (Fig. 2 A, B). The immunohistochemical staining was
cultured cells following exposure to different concentra- similar for the two antibodies used for AQP3 detection.
tion of glucose and at different time intervals were ana- The localization of AQP3 protein in peritoneal mesothe-
lyzed with multivariate ANOVA for repeated measures lial cells was confirmed by double immunohistochemical
(MANOVA). Permeability to glycerol in HMPC ex- staining (Fig. 3A). Higher magnification examination of
posed to different concentrations of glucose was similarly cultured mesothelial cell on filter of the insert revealed the
analyzed. Statistical analysis was performed using statis- AQP3 distribution was ablumenal (basolateral) whereas
tical software (Statview; SAS Intelligence, Cary, NC, AQP1 distribution was apical (Fig. 2D). In omental tissues
USA). Significance was defined as P  0.05. from three patients who previously underwent CAPD,
there was no obvious difference in the detection of AQP3
in the lining mesothelial cells. However, there were dis-RESULTS
crete areas with loss of mesothelium and disruption of
Immunoblot detection of AQP3 the interstitium in peritoneal biopsies from these pa-
Immunoblot revealed the presence of two immuno- tients. Not infrequently, there was intimal thickening
positive bands in extracts of human peritoneal mesothe- of vessels with increased interstitial thickening of the
lial cell and omentum but not in EA.hy926 (Fig. 1). The peritoneum. AQP3 was not detected in peritoneal lining
26 kD and 33 kD bands represented the non-glycosylated denuded of mesothelial cells or replaced by fibrous tissue
and the glycosylated forms of AQP3, respectively. When (data not shown).
the anti-AQP3 antibody was pre-adsorbed with immu-
Gene and protein expression of AQP3 by HPMCnizing peptide, no detectable band can be found for the
mesothelial cell crude extract. Reverse transcription-polymerase chain reaction (RT-
PCR) with sequence-specific cDNA primers was per-
Tissue localization of AQP3 proteins in the formed on growth arrested, confluent HPMC or EA.hy
peritoneal membrane 926 monolayers. Human kidney RNA was used as posi-
To localize the in vivo site of AQP3 synthesis within tive controls. Constitutive expression of AQP3 mRNA
the peritoneal membrane, paraffin sections of omental was detected in HPMC but not in EA.hy 926. The cDNA
tissue was immunohistochemically stained using specific product of AQP3 is identical to the known GeneBank
sequence. Immunohistochemical staining using specificantibodies for AQP3 and mesothelial cells as described
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Fig. 2. Immunohistochemical localization of
aquaporins in human peritoneum. Paraffin-
embedded human peritoneal membrane sliced
into 4-m sections were stained with specific
anti-AQP antibodies (see text for details). (A )
Lower magnification examination of normal
human peritoneum. Aquaporin-1 (AQP1) was
detected in the endothelial cells of the venule
(thin arrow) and peritoneal mesothelial cells
(thick arrow; counterstained with hematoxylin;
magnification200). (B ) Lower magnification
examination of normal human peritoneum.
AQP3 was detected in peritoneal mesothelial
cells (thick arrow) but not in endothelial cells
of venules (counterstained with hematoxylin;
magnification 200). (C ) The signal of AQP3
was abolished after the anti-AQP3 was absorbed
with AQP3 peptides. (D ) Cultured mesothe-
lial cell grown on filter of the insert revealed
the AQP3 distribution was ablumenal/basolat-
eral (right panel, ). Apical surface of meso-
thelial cell showing absence of AQP3 staining
(right panel, ). In contrast, AQP1 distribu-
tion was apical (left panel, ), while basolat-
eral side of mesothelial cell showing absence of
AQP1 staining. (left panel, ). (magnification
1000). Abbreviations are: C, peritoneal meso-
thelial cell; F, filter.
Effect of glucose and mannitol on AQP3
gene expression
To mimic the peritoneal milieu in acute peritoneal
dialysis, glucose adjusted to a concentration of 100 mmol
(1.8% wt/vol) was added to the culture medium in which
cells were incubated for different time periods. AQP3
gene expression was significantly up-regulated in HPMC
by 8% after six hours of incubation with glucose. By 24
hours, the normalized AQP3/GAPDH ratio had in-
creased by 52% compared to control (constitutive) val-
ues in HPMC (Fig. 4). The response of AQP3 mRNA
expression after an eight-day exposure to glucose didFig. 3. (A ) Confirmation of AQP3 protein on human peritoneal meso-
not differ from the baseline values.thelial cells by double immunostaining. Peritoneal mesothelial cells
showed double staining using anti-AQP3 and anti-human mesothelial Incubating the HPMC with increasing concentration
cell antibodies (counterstained with hematoxylin; magnification 200). of glucose for 16 hours enhanced the AQP3 gene expres-
(B ) Cultured HPMC demonstrated positive staining for AQP3 (magni-
sion (Fig. 5). Up-regulation in AQP3 mRNA expressionfication 400). (C ) Absence of AQP3 staining cultured HPMC with
nonimmune rabbit IgG (counterstained with hematoxylin; magnifica- was significant even in HPMC exposed to a lower con-
tion 400). centration of glucose (50 mmol), rising to 14% above
that of control (constitutive) values. When the cells were
exposed to higher concentration of glucose (100 mmol),
anti-AQP antibody on quiescent HPMC monolayers the up-regulation in AQP3 mRNA expression rose to
confirmed that AQP3 protein was expressed constitu- 41% above that of control (constitutive) values. A step-
tively (Fig. 3 B, C). However, AQP3 protein was not wise up-regulation in AQP3 mRNA expression was ob-
expressed constitutively in cultured EA.hy 926 (data not served in HPMC exposed to increasing concentration of
mannitol although the magnitude was smaller than thatshown).
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Fig. 4. Time response in AQP3 gene expression (AQP3 PCR product,
379 bp) upon exposure to glucose. Treatment with glucose (100 mmol)
led to a time-dependent up-regulation in AQP3 gene expression in
HPMC. Measurement of AQP3 mRNA at time intervals 12, 24, 48 and
Fig. 5. Dose response in AQP3 gene expression upon exposure to glu-72 hours differed from time zero significantly (**P  0.001; *P  0.005;
cose for 16 hours. Treatment with increasing concentration of glucose#P  0.05). Data are mean  SD of four individual experiments.
() or mannitol () led to a dose-dependent up-regulation in AQP3Significance was not observed at 8 days when compared with baseline
gene expression in HPMC. Measurement of AQP3 mRNA at high dosevalues.
concentrations of glucose or mannitol differed significantly from the
baseline values (**P  0.001; *P  0.005; #P  0.05). Data are mean
SD of four individual experiments.
observed following exposure to equivalent molar con-
centration of glucose.
DISCUSSION
Effect of glucose on AQP3 protein synthesis The three-pore model of Rippe [14] proposed the exis-
tence of “ultrasmall pores” specific for water to explainTo confirm that the AQP transcripts led to protein
biosynthesis, HPMC were grown to confluence in 8-well the phenomenon of sodium sieving. Subsequent identi-
fication of the aquaporins has supported this hypothesis.chamber slides, growth arrested, and incubated with glu-
cose with increasing concentration. Preliminary studies Rippe calculated that if these ultrasmall pores made up
2% of the total water permeability of the peritoneum,confirmed the linearity of immunoblot analysis (data not
shown). Quantitative immunoblotting revealed a dose- they would mediate some 50% of the water transport
during peritoneal dialysis with hypertonic crystalloid so-dependent increase in the production of AQP3 when
HPMC were incubated with progressively higher concen- lutions, and could account for the dilution of sodium
observed [14]. The importance of aquaporins in ultrafil-trations of glucose (Fig. 6). The AQP3 protein synthesis
amounted to 13%, 30% and 39.5% above that of control tration is supported by the fact that osmotically-induced
water transport was significantly reduced upon AQP1(constitutive) values when the glucose concentration in-
creased to 50 mmol, 100 mmol, and 200 mmol, respec- deletion in AQP1 knockout mice, yet AQP1 deletion ex-
erted little effect on slow isosmolar fluid absorption fromtively.
the peritoneal cavity [15]. In contrast, crystalloid solution
Measurement of permeability to glycerol in cultured has little effect on water movement across the small
HPMC exposed to different concentrations of glucose pores (20 to 25 A˚) [16]. Ultrafiltration failure accounts
for most failure in peritoneal dialysis treatment [17].When [14C]glycerol was added to the apical chamber,
increasing concentration of glucose in the culture me- Other than increased angiogenesis, damage to mesothe-
lial cells may potentially contribute to the decline indium induced a stepwise increased incorporation into
the cells. Similarly, with [14C]glycerol added to the baso- ultrafiltration and dialysis efficacy. What remains of ut-
most importance in this issue is to document the evidencelateral chamber, an increased release of glycerol was
demonstrated coinciding with increasing concentration for aquaporins in the peritoneum and then to determine
any changes in aquaporins in ultrafiltration failure.of glucose in the culture medium. Permeability to glyc-
erol in cultured HPMC increased by 1.64-fold and 4.82- Messenger RNA (mRNA) for AQPs has been de-
tected in the peritoneum by RT-PCR. Akiba and co-fold following exposure to glucose concentration of 100
mmol and 200 mmol respectively (Fig. 7). Mercuric chlo- workers [18] reported that mRNA for AQP1, 3, and 4
were present in the peritoneal tissue. Yang and co-work-ride (50mol/L) effectively inhibited the glycerol perme-
ability following exposure to glucose concentration of ers [15] detected the presence of mRNA for AQP1, 3,
4, 7, and 8 and only AQP1 was detectable by immunocy-100 mmol and 200 mmol by 38% and 30%, respectively.
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Fig. 6. Dose response in AQP3 protein expression (determined by immunoblotting studies) upon exposure to glucose for 16 hours. Treatment
with increasing concentration of glucose led to a dose-dependent up-regulation in AQP3 protein expression in HPMC (P  0.0014). Measurement
of AQP3 protein at different dose concentrations differed from each other significantly except measurements between 0 and 50 mmol, and 100
and 200 mmol (P  0.05). Data are mean  SD of four individual experiments.
tochemistry. The initial studies demonstrated that the firmed by double immunohistochemical staining of meso-
thelial lining of human peritoneal membrane by a specificsignal for AQP1 was restricted to endothelial cells of
peritoneal capillaries and venules but not in arterioles mouse anti-human mesothelial cell mAb (clone HBME-1).
Contrary to AQP1, AQP3 expression is restricted toor mesothelial cells [10, 15]. It appears, therefore, that
AQP1 is crucial in transendothelial water transport when peritoneal mesothelial cells only but not in endothelial
cells of peritoneal capillaries and venules. More impor-driven by osmosis in peritoneal dialysis, yet the presence
of AQPs in peritoneal mesothelial cells is not well docu- tantly, the expression of AQP3 in HPMC is not only
constitutive, but also its expression can readily be up-mented.
Recently, we demonstrated that AQP1 mRNA is pres- regulated upon exposure to osmotic agents (glucose and
mannitol) as in peritoneal dialysis leading to rapid trans-ent in HPMC constitutively [9]. Using a peptide-derived,
affinity-purified polyclonal anti-AQP1 antibody and a membrane water transport. There was significant enhance-
ment of AQP3 biosynthesis upon exposure to glucose inperoxidase-labeled polymer for more sensitive visualiza-
tion of signals, constitutive AQP1 protein was readily a time- and dose-dependent manner. Similar findings
were not observed in the AQP3 biosynthesis by an endo-detected in resting HPMC. More importantly, the ex-
pression of AQP1 in HPMC is not only constitutive but thelial cell line, EA.hy 926.
The mechanism of gene and protein AQP3 up-regula-also its AQP1 expression can readily be up-regulated
upon exposure to osmotic agents as in peritoneal dialysis tion after osmotic stimulation is not known despite that
both AQP2 and AQP3 are up-regulated by dehydrationleading to rapid transmembrane water transport. There
was significant enhancement of AQP1 biosynthesis upon [19, 20]. The osmotic response element of AQP3 has not
yet been defined, but the 5 flanking region of AQP3exposure to glucose in a time- and dose-dependent man-
ner. Similar findings were observed in the AQP1 biosyn- gene has a TATA box, a Sp sequence, a CRE motif, and
two AP2 sites (promoter region of AQP3) [19]. Thethesis by an endothelial cell line, EA.hy 926.
Our current study further examined whether AQP3 transcriptional regulation of AQP3 is different from that
of AQP2 and is mediated through Ca2	/protein kinaseis present in HPMC constitutively, as previous studies
have reported AQP3 transcripts in peritoneal tissue C rather than cAMP [21]. We speculate that it is possible
that hyper-osmotic stress can stimulate Ca2	/protein ki-[15, 18]. Again, using two separate affinity-purified poly-
clonal anti-AQP3 antibodies with documented specificity nase C and activate the transcription of AQP3 through
the ERK pathway, as ERKs are activated by phorboland a peroxidase-labeled polymer for more sensitive vi-
sualization of signals, constitutive AQP3 protein was esters via protein kinase C [22].
Aquaporin-3 differs from the other aquaporins that itreadily detected in resting HPMC. The localization of
AQP3 protein in peritoneal mesothelial cells was con- is moderately permeable to water, but highly permeable
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demonstrating the constitutive presence of AQP3 in
HPMC and its biosynthesis induced by high glucose, we
also noted the increased permeability of glycerol across
the cell membrane following exposure to high glucose
concentration. The ability of mercuric chloride to inhibit
at least 30 to 38% of glycerol permeability following expo-
sure to high glucose concentration suggests that aquapor-
ins (especially AQP3) play an important role, indepen-
dent of other glycerol transporters, in glycerol transport
in HPMC. The exact physiologic importance of glycerol
transport in HPMC is not known. It is interesting to note
that glycerol, as a major substrate for gluconeogenesis,
is the backbone for the triacylglycerols that subsequently
yield glycerol-3-phosphate. Glycerol-3-phosphate is in-
volved in an intracellular metabolic cycle that transfers
reducing equivalents from the cytoplasm to the mitochon-
dria.
The obvious puzzle is biologic significance of the co-
localization of AQP3 and AQP1 in HPMC. In fact,
co-localization of AQPs is not uncommon in specific mam-
malian cells, for example, AQP1 and AQP3 in erythro-
cytes [27] and in proximal renal tubular epithelium [11].
The different localization of AQP1 and AQP3 in proxi-
mal renal tubular epithelium [11] and in peritoneal meso-
thelial cells shown in this study suggests that AQP3 may
play a complementary or even distinct role in these tis-
sues. Our recent demonstration of constitutive AQP1 in
HPMC, which is inducible by osmotic agent, poses a
question on the traditional understanding of endothe-
lium of peritoneal capillaries and venules as being the
major site of water transport across the peritoneal mem-Fig. 7. (A) Increased glycerol incorporation into cultured HPMC upon
brane [8, 28]. The lumenal and ablumenal distributionexposure to increasing concentration of glucose. Measurement of glyc-
erol incorporation into the cells (expressed as percentage of control of AQPI in HPMC affords a transcellular mechanism of
value with no glucose added to the medium) at different dose concentra- water movement across the peritoneal mesothelial liningtion of glucose differed from each other significantly except measure-
following the transport of water from the capillary lumenments between 50 and 100 mmol (P 0.05). Data are mean SD of four
individual experiments. (B ) Increased glycerol release from cultured to the interstitium near the peritoneal luminal surface.
HPMC upon exposure to increasing concentration of glucose. Measure- We had demonstrated that the up-regulation in AQP1ment of glycerol release from the cells (expressed as percentage of
mRNA or biosynthesis in mesothelial cells was alwayscontrol value with no glucose added to the medium) at different dose
concentration of glucose differed from each other significantly (P  significantly higher than that of endothelial cells when
0.01). Data are mean SD of four individual experiments. (C) Increased the experiments were conducted under identical settingspermeability of glycerol in cultured HPMC upon exposure to increasing
[9]. The contribution to transcellular water transportconcentration of glucose (P  0.0001). Measurement of glycerol incor-
poration at different dose concentration of glucose differed from each through the action of AQP1 by the monolayer of meso-
other significantly (P  0.01). Data are mean  SD of four individual thelial cells is likely to be smaller when compared withexperiments. Pre-incubation with HgCl2 significantly inhibit glycerol
the extensive microvascular network in the sublumenalpermeability induced by exposure to glucose. There were no significant
differences. interstitium. However, with the demonstration of addi-
tional AQP3 in HPMC but not in endothelial cells, the
role of mesothelial monolayer in the transcellular water
transport across the peritoneal membrane is expected toto glycerol and possibly to urea [23]. The only exceptions
be greater than previously thought.are AQP7 with a high permeability to glycerol and AQP9
The crucial question is how this new information ofwith a high permeability to urea [24]. This channel prop-
localization of different aquaporins in peritoneal cellserty constitutes clear evidence that the pore of AQPs
is related to ultrafiltration failure in long-term CAPD.can discriminate among small non-ionic solutes. AQP3
Obviously, this cannot be answered in our in vitro experi-expression has been reported in several mammalian tis-
ments with HPMC exposed to osmotic agents for a shortsues including kidney, intestine, stomach, spleen, eryth-
rocytes and eye [23, 25–27]. Other than our novel finding period (from 6 h to 8 days). Our previous observation
Lai et al: AQP3 in peritoneum mesothelium 1439
11. Tang S, Leung JCK, Lam CWK, et al: In vitro studies of aquaporinsthat AQP1 was not detected in peritoneal lining denuded
1 and 3 expression in cultured human proximal tubular cells: Up-
of mesothelial cells or replaced by fibrous tissue raised regulation by transferring but not albumin. Am J Kidney Dis
38:317–330, 2001the possibility that long-term CAPD will lead to decreased
12. Lan HY, Mu W, Nikolic-Paterson DJ, Atkin RC: A novel, sim-expression of aquaporins on the peritoneal lining de-
ple, reliable, and sensitive method for multiple immunoenzyme
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